INTRODUCTION
An experimental model of thrombus formation should satisfy several requirements to be used for evaluation of the efficacy of physical or pharmacological means of reducing the rate of thrombosis: It should be easy and quick to perform, lead to thrombosis with a "high" rate, that rate being fairly constant with different operators, and allow for failure to be diagnosed soon enough to ascertain the site of thrombosis. Many animal models have been designed in which thrombosis has been induced by differing techniques [1, 2] . One of these methods is based on the induction of thrombosis by electrical stimulation delivered to the arterial wall. This model has been used by many investigators to assess the efficacy of adjuncts to thrombolysis [3] [4] [5] [6] [7] . However, electrical stimulation has rarely been applied to the groin flap artery in rats, although this flap model is commonly used as test for various techniques in which one could induce intra- 1 Deceased December 6, 1999. vascular local thrombosis at a well-defined site, within a short time interval. There is still a great interest in this field to develop reliable, easy to handle, and noninvasive methods to measure arterial blood flow and flap microcirculation reliably after experimental arterial thrombosis. Laser Doppler perfusion monitoring is probably the most useful technique currently available [8 -12] . Previous studies focused either on the induction of reproducible acute occlusive thrombosis or on the mechanisms of platelet activation during thrombolysis. However, the relationship between thrombosis and blood flow both in the artery and in the flap microcirculation has as yet not been investigated in detail. In our study, an arterial thrombosis initiated by electrical stimulation of the single feeding artery as a model in the rat groin flap was used. The effects of the subsequent acute blood flow changes on the flap microcirculation and on the blood flow in the artery were simultaneously studied using a laser Doppler perfusion monitoring system. This technique can record the dynamic course of thrombus formation, can recognize thrombosis before histological examination, and seems more appropriate for pharmacological in vivo studies.
METHODS
All experiments were performed on 10 male Sprague-Dawley rats (300 -350 g, ALAB, Stockholm, Sweden), housed in cages with free access to food and water and maintained in room temperature of 24 Ϯ 1°w ith a 12-h light/dark cycle. Sodium pentobarbital anesthesia (50 mg/kg), initiated through intraperitoneal injection, was then maintained by i.v. injections of 10 mg/kg/h, as needed. The groins were shaved with an electric razor and then treated with a depilatory cream (Opilca, Germany) to obtain hairless skin. The rats were kept on a heating pad during surgery to avoid temperature loss and the core temperature was thermostatically controlled. Immediately after the experiments, the rats received a lethal dose of the barbiturate. A 2.5-cm-diameter adipocutaneous neurovascular island flap fed by the superficial epigastric blood vessels was raised, exposing the feeding vessels under the operating microscope. The flap was then resutured to its anatomical bed by two stitches, allowing direct observation of the superficial epigastric vessels [13] . Flap microcirculation and blood flow in the feeding artery was monitored by a laser Doppler perfusion monitoring (LDPM) system (PeriFlux PF 4001 Master and PeriFlux PF 3 with an extended bandwidth up to 24 kHz for the artery measurements; Perimed AB, Järfälla, Sweden). The laser Doppler probe holder for the skin measurements was attached to the flap with double adhesive tape before incision, with a standard probe PF408 inserted into the probe holder. For the recording of artery blood perfusion, a needle probe (PF402) with a custom-made vascular fixation device was used, reading corpuscular movements in a volume of 1 mm 3 , thus monitoring flow in the vessel lumen, with the vessel probe firmly kept in place by a micromanipulator. This device has been described in detail earlier [14] . Artery and skin laser Doppler readings were performed simultaneously as detailed below. A bipolar stimulating electrode with two platinum contacts was used for stimulating the vessel wall (electrode diameter 0.5 mm, electrode length 5 mm, electrode separation 1 mm). The electrode was connected to a Grass stimulator (GRASS SD9; Quincy, MA) via a constant-current unit (CCU 1A) and a stimulus isolation unit. The systemic blood pressure was monitored via a pressure transducer (Statham Inc., Halo Rey, Puerto Rico) via a catheter introduced into the left common carotid artery. Both LDPM readings and blood pressure data were stored in a Toshiba T3200SXC desktop computer with specially designed software (Perisoft Program version V5.10; Perimed AB, Järfälla, Sweden) for data processing. Microscopic images were recorded on videotape through a video camera (Sony SVO-9500MDP) and monitored on a television screen (PANASONIC BT-H 1450). Thirty minutes after flap elevation, xylocain was applied locally to the feeding artery and repeated every 30 min to avoid stimulation inducing artery contraction. When the blood perfusion was stabilized, a 10-min baseline recording was made, followed by stimulation of the superficial epigastric artery, proximal to the LDF reading area. Stimulation was delivered to the artery using monophasic pulses (frequency 4 Hz; pulse width 200 ms, voltages 100 mV). A stimulus train of six impulses was used. If no thrombi occurred after the first stimulation, another stimulation train was applied to the artery 20 min after the first stimulation and then in the same way until thrombosis formation was observed. The course of thrombus formation was continuously monitored and recorded by the video camera system and by the LDPM measurements from the supplying vessel and it's flap. Flap artery specimens were collected from stimulated sections and perfused with 2.5% glutaraldehyde in a 0.1 M sodium phosphate buffer also containing 2 mM MgCl 2 . The specimens were postfixed in glutaraldehyde, osmicated (2% osmium tetroxide in phosphate buffer) and rinsed for 15 min in buffer, dehydrated in ethanol, and embedded in agar 100. Thin cross-sectional slices were cut on a LKB ultratome (Type 4802 A; LKB-Produkter AB, Sweden), stained with Toluidine blue, and mounted for light microscopy (Zeiss FM 109; Oberkochem, West Germany) examination [15] .
Laser Doppler values are presented as percentage changes from baseline and expressed as the mean values Ϯ SE, with baseline recordings set to 100%. For statistical analyses, the Kruskal-Wallis test with Dunn's multiple comparisons test was applied to compare percentage changes of blood flow and skin microcirculation at different points in time following stimulation. P Ͻ 0.05 was considered significant [16] .
The experimental procedures were examined and the protocol was approved by the local ethical committee for animal research.
RESULTS
The dynamic course of thrombus formation is illustrated in Fig. 1 eventually is swept away by the blood flow, the artery perfusion recovers to the baseline level but the microcirculation in the flap is only restored by 10 -20% (4 min (P Ͻ 0.001); 8 min (P Ͻ 0.01); 12, 16, and 20 min (P Ͻ 0.05), respectively, after thrombosis is formed and swept away). There was no change of the systemic blood pressure during the electrical stimulation. An illustrative sample from the histological analysis using light microscopy of the arterial sections is shown in Fig. 4 . The arterial thrombosis was composed of platelets, red blood cells, fibrin, and white blood cells, without any significant architectural and endothelial changes of the vessel walls.
DISCUSSION
In this study we applied electrical stimulation to the feeding artery of the rat groin flap to establish a new model for arterial thrombosis in the rat. The results demonstrate that occlusive thrombus formation occurred within 68.1 Ϯ 19.26 min (mean Ϯ SE) at the stimulated site (Fig. 1) . Laser Doppler flowmeter measurements in this new model revealed markedly reduced blood flow (70 -90%) after thrombosis formation compared to the preoperative baseline both in the artery and in the skin (Figs. 2 and 3) . During thrombus formation and lysis a significant difference between artery blood flow and microcirculation in the flap developed. After the aggregate had been swept away
FIG. 3.
Percentage change of laser Doppler flow values as related to the baseline value (100%). The stimulation consisted of trains of six monophasic pulses repeated until thrombosis formation occurred. When the thrombosis was formed a rapid decrease of the LDF readings was recorded both in the artery (90%) and in the flap (70%). Each downward peak represents thrombosis and flow decrease after one stimulus train (P values refer to change from baseline. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001). by the blood flow, the arterial perfusion recovered to baseline level but microcirculation in the flap was restituted only by 10 -20%, suggesting that factors released from local endothelial cells in the artery may be responsible for the impaired microcirculation distally in the flap [17] . This may provide important clues to future research directed onto flap salvage in plastic surgery. In this experiment we also observed that both the readings of the artery flow and the microcirculation settled at a level somewhat above zero PU; this phenomenon was defined as the "biological zero" [18] . During the complete occlusion of the artery, movements of corpuscles back and forth in the scanned volume still occur. This may explain why the LDPM readings do not reach zero in our experimental model.
Both physical and chemical factors can influence the activity of platelets and coagulation factors responsible for the formation of thrombotic and hemostatic aggregates [19 -22] . While most studies of thrombosis and hemostasis hitherto have focused on blood-related and vascular mechanisms, it is only recently that the mechanical forces that the flow exerts on the blood and vascular components are being recognized as important modulators of thrombosis. Some studies have indicated that physical factors alone can induce platelet aggregation, even in the absence of exogenous chemical factors [23] . An experimental thrombosis induced by electrical stimulation causes lesions of endothelial cells which are restricted maybe to one or two cells (in contrast to an atherosclerosis lesion which generally attains the endothelium in the vessel). Thus, we hypothesize that experimental arterial thrombosis induced by electrical stimulation, as used in the present study, involves both endothelial injuries and mechanical factors.
In our methodological study, a physiological steady state was achieved before the experiments were started. The induced thromboses were highly reproducible and experiments could be performed over prolonged periods of time. The laser Doppler perfusion monitoring measurement provided continuous flow information; direct observation, on-line measuring of the formation, and immediate evaluation of the degradation of the thrombosis was feasible. In the future, the effects of different substances administered locally and systematically can be easily studied in this model. Furthermore, the investigated arterial segment can easily be removed for histological examination. The acute nature and high incidence of thrombosis that characterizes this technique makes it suitable and economic for physiological and pharmacological studies of antithrombotic therapy.
In conclusion, in this methodological study, electrical stimulation was applied to the rat groin flap artery to establish a new model for arterial thrombosis in the rat. Occlusive thrombus formation occurred after about 70 min at the stimulated site. Histological analysis revealed no significant architectural and endothelial changes in the vessel per se. Measurement of the perfusion of the feeding artery and of the flap microcirculation demonstrated reduced flow (70 -90%) after thrombosis formation compared to the preoperative baselines. Interestingly, there was a significant difference between artery flow and flap microcirculation after the aggregate was swept away by the blood flow. The artery perfusion recovered to baseline level rapidly but the flap microcirculation only recovered by 10 -20%. Thus it is conjectured that experimental arterial thrombosis induced by electrical stimulation involves endothelial injuries, metabolic mediation, and mechanical factors. So the rat groin flap supplies a feasible model for future investigations concerning thrombosis formation, lysis, and therapy.
